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Abstract
In order to avoid mirror damage on a high-power free electron laser (FEL), the design can utilize a short Rayleigh
length optical cavity in combination with a short magnetic undulator. The short Rayleigh length increases the mode
area and reduces the intensity at the mirrors, and also alters the basic FEL interaction and the stability of the laser itself.
In particular, mirror misalignment may significantly affect the behavior of the cavity modes. We present simulations
showing the effect of mirror tilt on the performance of 100 kW and 1MW FEL designs with short Rayleigh lengths.
r 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction
Recent efforts in FEL design consider the
possibility of producing very high power optical
beams, notably in the kilowatt and megawatt
ranges. [1] One of the technical challenges accom-
panying high powers is the effect of intense electric
fields on the cavity mirrors and the resulting
mirror damage. One solution to this problem is to
utilize a long optical cavity with a short Rayleigh
length optical beam. A Gaussian cavity mode with
a short Rayleigh length is narrow at the waist and
wide at the mirrors, facilitating good optical gain
through the undulator while decreasing the in-
tensity at the mirrors. However, to achieve a short
Rayleigh length, the cavity must be close to the
concentric configuration (mirror radii are only
slightly larger than the half the cavity length)
which is close to the region of instability for a
cavity with no gain. Consequently, the cold cavity
is very sensitive to errors in mirror alignment,
mirror displacement, and mirror radius of curva-
ture. Small perturbations in these quantities may
be expected to have a significant effect on FEL
performance, especially when the gain medium
(the electron beam) is very narrow.
Mirror misalignment effects have been widely
studied in cold (zero-gain) cavities [2]. Consider a
cavity of length S; Rayleigh length Z0; and a
Gaussian optical mode of wavelength l: When
a mirror is tilted by angle y; the cavity’s optic axis,
defined as the line joining the two centers of
curvature of the mirrors, is tilted by an angle f;
resulting in a tilt f of the optical mode and a
*Corresponding author. Tel.: +1-831-656-2765; fax: +1-
831-656-2834.
E-mail address: colson@nps.navy.mil (W. Colson).
0168-9002/03/$ - see front matter r 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0168-9002(03)00836-2
transverse offset of the mode spot on the mirror by
dy ¼ ðS=2Þf: Clearly the laser will not function if
the optical mode is rotated outside of the electron
beam, or equivalently, if the mode spot is moved
more than the radius W of the spot itself. This
condition is just dymaxBW : From standard
Gaussian optics [2], W ¼ ½ðlZ0=pÞð1þ
ðS=2Þ2=Z20Þ
1=2; so that in the limit of short
Rayleigh length, Z05S; the maximum achievable






This prediction for fmax will be compared to the
mode tilt fsim observed in our simulations.
When there is no gain, cold-cavity theory [2]
predicts that fmax can be caused by mirror tilt
ycc ¼ ð1þ gÞfmax; where the resonator parameter
g ¼ 1 S=R and R ¼ S=2þ 2Z20=S is the mirror
radius of curvature. Again taking the limit Z05S;
yccEð8Z20=S
2Þfmax: ð2Þ
This prediction for ycc will be compared to the
mirror tilt ysim obtained from our simulations.
Although Eq. (1) merely relates the beam tilt to
the intensity profile width using Gaussian optics,
Eq. (2) depends on cold-cavity theory and does not
include the effects of gain. Also, a tilted optical
beam will be misaligned with the electron beam,
thereby affecting the basic FEL interaction.
2. Simulation technique
Our computer simulations use the self-consistent
Maxwell–Lorentz equations with dimensionless
coordinates and parameters [3]. A square mesh is
set up in the transverse ðxyÞ plane and the optical
field aðx; y; zÞ at each mesh point is tracked, using
the parabolic wave equation, as the optical mode
propagates in the z-direction in the presence of an
electron beam. The electron beam is characterized
by dimensionless current density, radius, angular
spread and initial phase velocity. The undulator is
specified by its period, length, and undulator
parameter K : The cavity is characterized by its
length, mirror shape and size, and energy loss per
pass, from which can be found the nondimensional
Rayleigh length z0 ¼ z0=L and the optical mode
waist radius w0: To study the effect of mirror
misalignment, the cavity parameters allow for tilt
of the mirrors. In the program, longitudinal
lengths are scaled by the undulator length L;
transverse lengths by ðlL=pÞ1=2; and angles by
ðl=pLÞ1=2:
For small Rayleigh lengths, the optical mode
radius w at the mirrors may be B300 times larger
than the mode radius w0 at the waist, which
necessitates a very large mesh and long simulation
run times. Consequently, the simulation adopts the
strategy of truncating the part of the z-axis outside
the undulator and adjusting the mirror radius of
curvature R such that z0 and w0 are unchanged.
3. 100 kW results
The Thomas Jefferson National Accelerator
Laboratory (TJNAF) has proposed to modify
their FEL to operate at an output power of
100 kW using a short Rayleigh length [4]. Upgrade
parameters [5] use an electron beam energy
Ee ¼ 210MeV, peak current Ip ¼ 270A, and pulse
repetition frequency 750MHz; undulator length
L ¼ 2:88m with N ¼ 36 periods of length 8 cm
each and undulator parameter K ¼ 1:68; and cavity
length S ¼ 32m with round trip energy loss/cavity
energy=20%, optical wavelength lE1 mm, and
Rayleigh lengths Z0 between 16.5 and 100 cm.
For the simulation, we use dimensionless
current density j ¼ 40; and dimensionless Rayleigh
ranges z0 ¼ Z0=L ¼ 0:06 to 0.3. Mirror tilts y are
normalized to ym ¼ y=ðl=pLÞ
1=2; where here
ðl=pLÞ1=2 ¼ 0:332mrad. For each value of mirror
tilt, the extraction efficiency Z (defined as the
emitted optical power divided by the electron
beam power) was studied as a function of phase
velocity n; which is related to the optical wave-
length by n ¼ 2pNDl=l; where Dl is the shift away
from the resonant wavelength. Fig. 1, run at z0 ¼
0:1 (Z0 ¼ 29 cm), shows the efficiency for mirror
tilts y ¼ 0; 8, and 16 mrad (ym ¼ 0; 0.025, and
0.05). Note that an efficiency of 0.72% is required
for 100 kW output, which is achieved for mirror
tilts of 0 and 8mrad, but not for 16 mrad. The peak
efficiency, and hence optical power, peaks at
n0E6:
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Fig. 2 shows the peak efficiency versus mirror
tilt for z0 ¼ 0:05: While the efficiency decreases as
the tilt increases, it is still sufficient to produce
100 kW (dashed line) for yo6 mrad ðymo0:02Þ:
Also shown is the expected design tolerance of
100 nrad, which indicates that mirror tilt should
not be a problem for this system.
4. 1MW results
Simulation of a potentially 1MW FEL [2] has
been accomplished with dimensionless current
density j ¼ 210; corresponding to a 185MeV
electron beam with peak current 3.2 kA, electron
pulses of length 0.1mm, and a pulse repetition rate
of 750MHz. With this electron beam, an efficiency
of 0.7% is required to produce 1MW of optical
power. The dimensionless Rayleigh length is z0 ¼
0:03; which for an undulator length L ¼ 0:6m,
cavity length S ¼ 12m, and wavelength l ¼ 1 mm,
corresponds to a magnification of the mirror spot
radius of w=w0 ¼ 333:
Fig. 3 shows the efficiency Z as a function of
initial phase velocity n0 for mirror tilt angles ym ¼
0; 0.0825, 0.167, 0.25 (y ¼ 0; 0.06, 0.12, 0.18mrad).
For small mirror tilts, the efficiency rises as n0
increases with an optical mode structure that is
approximately Gaussian, then drops off sharply
near n0 ¼ 12 with a higher order mode structure.
For larger tilts, the drop-off does not occur and
the mode structure changes gradually. Fig. 4
shows the peak efficiency as a function of mirror
tilt. The output power remains above 1MW for tilt
θ m















Fig. 2. Peak efficiency #Z vs. mirror tilt ym for the 100 kW
simulation.
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Fig. 3. Efficiency Z vs. initial phase velocity n0 for several
mirror tilts ym for the 1MW simulations. Actual mirror tilt is
(0.728mrad)ym:
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Fig. 1. Efficiency Z vs. initial phase velocity n0 for several
dimensionless mirror tilts ym for the 100 kW simulations.
Actual mirror tilt is given by (0.332mrad)ym.
Mirror tilt, θm













Fig. 4. Peak efficiency #Z vs. mirror tilt ym for the 1MW
simulation.
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angles up to ymE0:4 (dashed line), corresponding
to an actual mirror tilt of 0.3mrad. As in the
100 kW case, this tilt is much larger than the
100 nrad design tolerance would allow in practice.
5. Discussion
Fig. 5 shows the shape of the steady-state
optical mode at the end of the run for both the
100 kW and 1MW simulations. In these diagrams,
actual transverse lengths are given by ðlL=pÞ1=2y
and longitudinal lengths by Lt; from which we can
calculate optical mode tilts of fsim(100 kW)=
0.35mrad and fsim(1 MW)=2.3mrad. These tilts
can be compared with the anticipated values of
fmax from Eq. (1): fmax(100 kW)B1.5mrad and
fmax(1 MW)B4.2mrad. The values are in reason-
able agreement, which means that requiring the
electron beam to be confined to the optical mode is
a realistic criterion for lasing. We next test the
cold-cavity theory by comparing the mirror tilts
from the simulation, ysim(100 kW)=8.3 mrad and
ysim(1MW)=180 mrad, with those calculated from
the cold-cavity theory of Eq. (2), ycc(100 kW)=
0.057 mrad and ycc(1MW)=0.041 mrad. The cold-
cavity results are observed to be much smaller than
the actual mirror tilts used in the simulation,
indicating that beam tilt is determined by other
than the geometrical effects of the cold-cavity
theory. Simulations indicated that the electron
beam plays a strong role in determining the final
optical mode tilt.
Since FEL mirrors have already been stabilized
to 0.1 mrad, mirror stability does not appear to be
a problem, based on simulation results found here.
Despite large mirror tilts, the optical mode does
not appear to tilt because it is significantly affected
by the electron beam, and the laser continues to
operate.
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Fig. 5. Tilted mode structure for 100 kW (above) and 1MW
(below) simulations. Dimensionless length y is scaled by
ðlL=pÞ1=2 and t ¼ z=L: jaðy; tÞj is the dimensionless electric
field amplitude.
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